The substitution of fish oil with wax ester-rich calanoid copepod-derived oil in diets for carnivorous fish, such as Atlantic salmon, has previously indicated a lower lipid digestibility.
digestibility has been shown to be enhanced by increased amount of bile and lipases, and increased transit time in the pyloric caeca (Patton and Benson 1975; Tocher and Sargent 1984) . Patton and Benson (1975) suggested that the pyloric caeca provide both increased exposure to lipases for hydrolysis and an increased surface area for absorption. However, WE are generally considered to be less accessible and poorly digested in mammals (Place 1992).
Effects of substitution of triacylglycerol (TAG)-rich fish oil (FO) with WE-rich copepod oil (CO) in diets for Atlantic salmon on growth and nutrient utilisation has been investigated. Olsen et al. (2004) showed that smolts fed a 260 g kg -1 lipid diet containing 375 g kg -1 WE had similar growth and feed efficiency (500 g to 1500 g, FCR ~ 1.0) as fish maintained on FO alone suggesting good adaptation to the WE rich diet. These data suggested that, at this level of dietary WE, fish appear to be capable of adjusting the digestive capacity to maintain a high rate of utilisation. However, a recent unpublished study of Bogevik et al. showed that 250 g smolt fed a CO diet with almost 500 g kg -1 of the lipid (260 g kg -1 ) as WE did not show the same capability to compensate for the high dietary WE level, as both growth and digestibility were lower in these fish compared to fish fed a FO diet. This suggested that there may be a upper limit for optimal utilization of dietary WE. Whether the reason is limited hydrolysis of WE or further limitation in conversion of FAlc to FA was unclear, but it is possible that the FAlc present in WE is a poorer substrate than FA for intestinal metabolism. There is therefore considerable interest in determining the pathways for the utilization and metabolism of FAlc in fish.
After intra-luminal hydrolysis and uptake into enterocytes, the products of lipid digestion can have different fates dependent on the competition between different pathways of metabolism (Henderson 1996) . Specifically, recent studies have shown that appreciable metabolism of FA such as esterification, β-oxidation and elongation/desaturation occurs in caecal enterocytes isolated from salmonid fish (Tocher et al. 2002 (Tocher et al. , 2004 Oxley et al. 2005) .
Furthermore, early studies indicated that FAlc must be oxidised to the corresponding FA before they can be effectively utilized (Bauermeister and Sargent 1979) . We reasoned that, in addition to digestion, differences in the utilization of WE and TAG may also involve differences between FA and FAlc in their uptake and metabolism by enterocytes. The hypothesis tested was that the possible lower utilization of dietary FAlc by salmon enterocytes is at the level of uptake into enterocytes and that subsequent intracellular metabolism was identical to that of FA. being either FO or oil derived from calanoid copepods, Calanus finmarchicus (CO). Diet formulation and preparation was as described previously (Olsen et al. 2004 ) except for a higher content of WE in the CO. Thus, the lipid of the CO diet contained 480 g kg -1 WE (compared with 370 g kg -1 WE in Olsen et al. 2004) , with TAG accounting for only 110 g kg -1 of total lipid. In contrast, the major lipid class of the FO diet was TAG, which accounted for more than 590 g kg -1 of the total lipid with no WE. The remaining lipid classes were generally similar in the two diets being mainly free fatty acid (FFA), phospholipid and cholesterol. The diets were fed to duplicate tanks of fish twice a day until satiation for 10 weeks. Prior to sampling, the fish were starved for 24 h to clear the intestinal tract. They were then anaesthetised in MS222 (Sigma-Aldrich, Poole, UK), and bulk weighed. Smolts fed the FO diet grew from 87 g to 183 g during the 71 day trial giving a daily specific growth rate (SGR) of 1.1. This was slightly lower than those maintained on the CO diet that grew from 87 g to 210 g with an SGR of 1.2, however, these growth differences were not significant. Six fish per tank were killed by a blow to the head, the intestinal tract removed, and pyloric caeca dissected and used for the preparation of enterocytes as described below.
Isolation of caecal enterocytes
Enterocyte suspensions were prepared using pyloric caeca pooled from two fish per tank resulting in six enterocyte preparations per dietary treatment. Isolated caecal enterocytes were prepared by collagenase treatment of chopped caecal tissue and sieving through a 100 µm nylon gauze with HBSS/Hepes essentially as described in detail previously (Tocher et al. 2002 (Tocher et al. , 2004 . The caecal cell preparations were predominantly enterocytes although some secretory cells were present. One hundred µl of the enterocyte suspensions were retained for protein determination according to the method of Lowry et al. (1951) after denaturation with 0.4 ml 0.25% (w/v) SDS/1 M NaOH for 45 min at 60 o C. The average protein concentration of the enterocyte preparations was 3.5 ± 0.2 mg ml -1 . Previously, it was shown that > 90% of isolated trout caecal enterocytes remained viable after 2 h under the assay conditions (Tocher et al. 2004) .
Preparation of labelled FAlc and substrate mixtures
Tritium-labelled 16:0 and 18:1n-9 FA were converted to the corresponding FAlc by LiAlH 4 reduction as described by Smith et al. (1993) . 
Incubation of enterocytes with labelled C16 and C18 mixes
Each pooled enterocyte suspension was distributed into two 25 cm 2 cell culture flasks (Nunclon, Nunc A/S, Denmark) in 4.5 ml aliquots and 100 µl of either the C 16 or C 18 FA-FAlc substrate mixes added so that the final FA and FAlc concentrations were both 25 µM, and 1 µCi of each isotope. After incubation for 2 h at 20 ºC, cells were harvested by gentle resuspension and 0.5 ml withdrawn for estimation of β-oxidation as described below. The remaining 4 ml was centrifuged in a conical glass tube at 500 x g for 5 min. The supernatant was transferred to a clean test tube and 16 ml of ice-cold chloroform/methanol (2:1, v/v) added, and total lipid extracted according to Folch et al. (1957) and used for determining the export of FA and FAlc from the enterocytes after esterfication into lipid classes. The cell pellet was washed with 1% FA-free bovine serum albumin (BSA) in Hank's balanced salt solution (HBSS), centrifuged at 500 x g for 5 min, and re-suspended in 0.88% KCl. Fifty µl of the suspension was taken for determination of total uptake into the enterocytes. The cell suspension was then homogenized in 5 ml ice-cold chloroform/methanol (2:1, v/v) containing butylated hydroxytoluene (BHT) and the extracted lipid re-suspended in chloroform/methanol and divided into two equal portions for determination of incorporation into cellular lipids and elongation/desaturation as described below.
Determination of conversion of FAlc to FA and esterification into lipid classes
The incorporation of 14 C-labelled FA and 3 H-labelled FAlc into lipid classes was determined by single-dimension, double-development high-performance thin-layer chromatography (HPTLC). A portion of total lipid was applied to HPTLC plates as a 1 cm streak. Plates were developed to half-way in methyl acetate/isopropanol/chloroform/ methanol/0.25% aqueous KCl (25:25:25:10:9, v/v) , and subsequently fully-developed in isohexane/diethyl ether/acetic acid (85:15:1, v/v) (Olsen and Henderson 1989) . Lipid classes were visualized by exposure to iodine vapour and individually scraped into scintillation vials containing 2.5 ml scintillation fluid and radioactivity determined in a scintillation counter (United Technologies, Packard, UK). Results were corrected for counting efficiency and quenching of 14 C and 3 H.
Determination of enterocyte β-oxidation activities
Beta-oxidation was estimated by determining radioactivity in acid-soluble products by methods developed for rat hepatocytes (Frøyland et al. 1996; Madsen et al. 1998) , and successfully applied to salmonid enterocytes (Tocher et al. 2002 (Tocher et al. , 2004 ). The 0.5 ml of cell suspension withdrawn after incubation was homogenized (Ultra-Turrax T8/S8N-5g probe, IKA-Werke GmbH and Co., Slaufen, Germany), 100 µl of 6% FA free-BSA solution added, and protein precipitated by addition of 1 ml of ice-cold 4 M perchloric acid. Following centrifugation at 5000 x g for 10 min, 500 µl of the supernatant was transferred to a scintillation vial and radioactivity determined as above.
Determination of desaturation-elongation
Desaturation and elongation products in the cellular lipid were determined by argentation
thin-layer chromatography (TLC) (Henderson and Tocher 1992). Fatty acid methyl esters
(FAME) were prepared from cellular total lipids by acid-catalyzed transmethylation (Christie 2003). After addition of 2 ml of 2% KHCO 3 , FAME were extracted twice with 5 ml of isohexane/diethyl ether (1:1, v/v) containing 0.01% BHT, solvent evaporated under OFN and resuspended in 100 µl isohexane (including BHT). TLC plates were impregnated with 2 g silver nitrate dissolved in 20 ml acetonitrile, and activated at 110ºC for 30 min. FAME were applied as 2 cm streaks, and the plates fully developed in toluene/acetonitrile (95:5, v/v).
Autoradiography was used to visualise the FAME by exposing the plate to Kodak MR2 film for 6 days. The areas of silica corresponding to individual FAME were scraped into scintillation vials, 2.5 ml of scintillation fluid added, and radioactivity determined as above. 
Materials

Calculations and statistical analysis
Uptake of FA and FAlc was expressed in absolute terms (pmol mg -1 protein -1 ) for the 2 h incubation period, whereas utilization of FA and FAlc in various metabolic pathways was expressed as a percentage of the total recovery (sum of radioactivity in cellular lipid classes, cellular unesterified FA or FAlc, total β-oxidation and exported lipid classes (excluding unesterified FA and FAlc)). Unless otherwise stated, all data are presented as mean ± S.D.
(n=6) with each pooled cell suspension considered as n =1 for statistical analysis. Data reported as percentages were arcsine transformed before statistical analysis to ensure normal distribution. The significance of differences due to dietary treatment were determined by a Student´s t-test. As in almost all cases, there was no significant effect due to diet, the significance of differences due to substrates and diets were determined in fish fed FO by twoway ANOVA followed by the Tukey post hoc test. All statistical analyses were performed using STATISTICA 6.1 software (StatSoft Inc., Tulsa, USA). Differences were regarded as significant when P < 0.05 (Zar 1984) .
Results
Uptake of [1-14 C] FA and [9,10(n)-3 H] FAlc into caecal enterocytes
Uptake into enterocytes was significantly higher for FA than for FAlc for both 16:0 and 18:1, and uptake of 18:1 was higher than that of 16:0 for both FA and FAlc (Fig. 1) . Dietary treatment had no significant effect on uptake of either FA or FAlc into caecal enterocytes.
Thus, the highest uptake for both dietary groups was with 18:1 FA, at almost 0.5 pmol mg protein -1 over the 2-h period, which was around double the uptake of the fatty moiety that was taken up the least, 16:0 FAlc in enterocytes from salmon fed CO.
Incorporation and esterification into enterocyte cellular lipids
Irrespective of chain length, only a small proportion (< 5%; except 10% 16:0 FAlc) of the radioactivity from either the FA or FAlc was recovered unesterfied in enterocytes ( Fig. 2A &   B ). The pool of intracellular unesterified FAlc was significantly higher when enterocytes were incubated with 3 H-16:0 FAlc than with 3 H-18:1 FAlc (Fig. 2B ). There was no significant effect of dietary treatment on the recovery of radioactivity from either FA or FAlc in the intracellular unesterfied pools. These pools are termed "unesterified" rather than "free" as they are most likely protein-bound (Oxley et al. 2005) .
The majority of radioactivity recovered in the cells was esterified into lipid classes.
Generally, esterification into total lipids was greater for FA than for FAlc, but was unaffected by chain length or dietary treatment (Fig. 2C) . The greatest proportions of intracellular radioactivity were esterified into TAG, with a tendency of lower FAlc compared to FA esterified into TAG and generally higher (non-significant) incorporation of C 18 chains (45-60%) than for C 16 chains (30-40%) (Fig. 3A) . Twenty to thirty percent of the radiolabels were recovered in total phospholipids with almost 25% of C 16 chains recovered in phosphatidylcholine (PC), while only one third of this was recovered in PC from enterocytes incubated with C 18 chains (Fig. 3B) . Recovery of radiolabelled FA and FAlc in the other phospholipid classes was lower, accounting for around 5%, 2% and 1% of the intracellular esterification in the case of phosphatidylethanolamine (PE), phosphatidylinositol (PI) and phosphatidylserine (PS), respectively ( Fig. 3C-E) . There was no significant difference between FA and FAlc (at a specific chain length) or dietary treatment in esterification into phospholipid classes (Fig. 3) .
Export in lipid classes from enterocytes
Export of lipids from the enterocytes was estimated by the proportion of radioactivity recovered in esterified extracellular lipid classes. Recovery of radiolabel in exported lipids was greatest for 3 H-18:1 FAlc, with around 10% of the total uptake being recovered in this fraction (Fig. 4A ). This was significantly higher than recovery of radiolabel in extracellular lipid classes for enterocytes incubated with 14 C-16:0 FA, which was around 5% of total uptake. Dietary CO had no significant effect on export of lipids from the enterocytes. With all the labelled substrates, the majority of the radiolabel in extracellular lipids was recovered in TAG, with no significant differences between chain lengths or dietary treatments (Fig. 4B) .
Recovery of radiolabel in extracellular phospholipids was greatest with PC, followed by PE, with no clear effects of chain length or dietary treatment (Fig. 4CD ).
β-oxidation
Enterocytes from fish fed the FO diet showed a significantly higher recovery of radiolabel in acid-soluble (fatty acid oxidation) products from the C 18 substrates than enterocytes from fish fed the CO diet, with 10 -13 % vs. 2 -7 % of the radiolabel taken up being utilized as a substrate for β-oxidation (Fig. 5) . In addition, recovery of radiolabel in oxidation products from C 18 FAlc was significantly higher than from C 18 FA in fish fed CO. There was no significant effect of dietary treatment or substrate (FA v. FAlc) on the oxidation of C 16 chains.
Conversion by desaturation and/or elongation
Conversion of incorporated fatty chains by desaturation and/or elongation was significantly higher for C 18 chains, with approximately 5-6% of total uptake of 18:1 converted compared to around 1% of C 16 chains (Fig. 6) . However, elongation of 16:0 to 18:0 cannot be determined as they could not be separated in the analysis. The main products of 16:0 desaturation were 16:1 (38%) and 18:1 (62%), independent of substrate being FA or FAlc (Table 1 ). The products from 18:1 were 20:1 (37%) followed by 24:1 (29-32%) and 22:1 (16-21%).
Recovery of FA and FAlc in 22:1 was higher in enterocytes from salmon fed FO, while elongation to 24:1 was higher in enterocytes from salmon fed CO (data not shown).
Discussion
Since bile-aided emulsification and transport of free FA is a physical process to a large extent, one would not expect to find a great difference between FA and FAlc in these processes.
Although a recent study used albumin as a carrier for the delivery of FA to enterocytes from Increasing uptake with increasing chain length (and decreased polarity) was previously shown in trout enterocytes (Perez et al. 1999; Oxley et al. 2005) . In addition, monoenoic FA was digested better than saturated FA in Atlantic salmon, while the opposite was true for FAlc (Olsen et al. 2004 ). The present study showed uptake of 18:1n-9 > 16:0 for both FA and FAlc.
However, the availability of free, unesterified FAlc in the intestinal lumen may also be a factor in vivo. The intra-luminal hydrolysis of TAG appears to be different to that of WE, which may result in FA being available in excess of FAlc in the intestine of fish fed WE (Olsen and Ringø 1997) . Indeed, we observed in a recent study that, in salmon fed a diet containing almost 50% WE, the lipid in the hindgut was 36% WE, 15% free FA and 12% free FAlc (Bogevik et al., submitted) . Although it is unclear how much free FAlc would be available in the pyloric caeca, there is a non-specific, bile salt-stimulated lipase with WE hydrolase activity that is sufficient for WE digestion in caeca (Olsen and Ringø 1997 we cannot completely exclude the possibility that the unesterified FAlc recovered with the cellular lipids may be associated with the outside of the cell membrane rather than being intracellular. Both uptake and oxidation of FAlc to FA was not significantly enhanced in fish fed the CO diet indicating that there was no obvious adaptive response to a diet rich in FAlc.
However, the pool of unesterified FAlc was smaller, and the pool of unesterified FA was larger, in enterocytes from fish fed the CO diet compared to fish fed FO, which may suggest more effective conversion of FAlc to FA in fish fed WE.
The above established that, once in the enterocytes, FAlc is mostly converted to FA. Thus, in the remaining discussion, when we talk about "FAlc" we are actually meaning the FA from FAlc after oxidation to FA. There appeared to be no difference between substrate in the incorporation of FA and FAlc into cellular lipid classes, with both predominantly incorporated into cellular TAG. Although relatively less FAlc than FA was incorporated into TAG, this was mainly due to the pool of unesterified FAlc which requires an extra step in the metabolism for the 3 H-substrate. Similarly, both C 16 and C 18 were mainly esterified into TAG (intracellular and exported), with generally higher 18:1 levels incorporated into TAG. This was consistent with 18:1n-9 usually being the most abundant FA in TAG body lipids (Henderson et al. 1982) . The high incorporation of 18:1n-9 into TAG, as in the present study, suggests that either it was esterified in more positions than other FA, or esterified into more for efficient chylomicron/VLDL formation that has earlier been well documented in both mammals and fish (Olsen et al. 1999 (Olsen et al. , 2000 (Olsen et al. , 2003 . et al. 2005) . In the present study, there was a trend, significant for 18:1, of higher oxidation of FAlc than FA, and this may be related to the continuous conversion of more FA from FAlc, subsequently available for different metabolic fates.
The final metabolic pathway investigated was further elongation and/or desaturation of the incorporated fatty chains. It is clear that this pathway was not a major fate for the saturated and monounsaturated C 16 and C 18 chains in this in vitro system. Once again, the recovery of radioactivity in the products of this pathway was identical for both initial sources of radioactivity, FA or FAlc, and no effect of diet was observed. No desaturation of 18:1 was observed, but elongation up to 24:1 was found. This is entirely expected as desaturase activity will be repressed in fish fed diets replete with long-chain n-3 FA (Tocher 2003) . The data appear to show that metabolism by elongation was greater for 18:1 than 16:0, but this is an artifact of the assay. Unfortunately, the separation of 16:0 and 18:0 by argentation TLC is not possible and so the amount of 16:0 that was chain elongated and not subsequently desaturated cannot be determined. However, 16:0 was elongated as the majority of desaturated products from 16:0 were 18:1 rather than 16:1. Interestingly, 18:1 was the limit of elongation of 16:0, compared to 24:1 with 18:1. The reason for this difference is unclear, but increased incubation time may result in further elongation.
In conclusion, we employed a dual-labelled assay to determine the simultaneous uptake and Values not having the same superscript letter are significantly different (P < 0.05) as determined by two-way ANOVA followed by the Tukey post hoc test for substrates. Values not having the same superscript letter are significantly different (P < 0.05) as determined by two-way ANOVA followed by the Tukey post hoc test for substrates. replicates ±S.D., values not having the same superscript letter are significantly different (P < 0.05) as determined by two-way ANOVA followed by the Tukey post hoc test for substrates. .90 a A major product of 16:0 metabolism will be conversion by elongation to 18:0 but this cannot be separated from 16:0 by the solvent system used and cannot be included in the analyses. 
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